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Ultrasound is regarded as a potential alternative method for improving the quality of some wines. This study was initiated with the objective
of evaluating the effects of ultrasound on some important physicochemical properties of red wine such as chromatic characteristics (CC),
electrical conductivity (EC), pH, titratable acidity (TA), total phenolic compounds (TPCs) and DPPH (1,1-diphenyl-2-picryl-hydrazyl) free
radical scavenging activity (DFRSA). The operational parameters assessed were ultrasound power, ultrasound frequency, exposure time and
bath temperature. Results illustrated that there were signiﬁcant changes in CC, EC and TPC while pH and TA hardly changed except for
samples treated at high temperatures. DFRSA was correlated to TPC during ultrasonic treatment. Application of principal component
analysis to the experimental data suggested that exposure time was the factor with the greatest ability to induce changes on wine. Results
suggested that ultrasound may be applied to improve some physicochemical properties of red wine.
Keywords: red wine; ultrasound; physicochemical properties; PCA; chromatic characteristics
El ultrasonido se considera uno de los métodos alternativos potenciales para mejorar la calidad de algunos vinos. Se comenzó este estudio con
el objetivo de evaluar los efectos del ultrasonido en algunas de la propiedades ﬁsicoquímicas importantes del vino tinto como son: las
características cromáticas (CC), la conductividad eléctrica (EC), el pH, la acidez (TA), los compuestos fenólicos totales (TPC) y el DPPH
(1,1-difenil-2-picrilhidrazil) de actividad de eliminación de radicales libres (DFRSA). Los parámetros operacionales examinados fueron: la
potencia de ultrasonido, la frecuencia de ultrasonido, el tiempo de exposición y la temperatura de baño. Los resultados ilustraron la existencia
de cambios signiﬁcativos en CC, EC y TPC, mientras que el pH y TA prácticamente no cambiaron excepto en las muestras tratadas con altas
temperaturas. DFRSA tuvo correlación con TPC durante el tratamiento con ultrasonido. La aplicación de análisis de componentes principales
a los datos experimentales sugirió que el tiempo de exposición era el factor con mayor habilidad para inducir cambios en el vino. Los
resultados sugirieron que el ultrasonido podría aplicarse para mejorar algunas de las propiedades ﬁsicoquímicas del vino tinto.
Palabras clave: vino tinto; ultrasonido; propiedades ﬁsicoquímicas; PCA; características cromáticas
1. Introduction
Generally speaking, the winemaking process can be divided
into fermentation and aging. First, yeasts turn wine sugars
into carbon dioxide, thermal energy and ethanol. A secondary
fermentation (malolactic fermentation), conducted by lactic
acid bacteria, can take place as well. This fermentation con-
tributes to microbial stability and deacidiﬁes the wine. During
wine aging, complex chemical reactions involving wine sugars,
acids and phenolic compounds (primarily tannins and antho-
cyanins) can reduce wine astringency and bitterness and
improve its organoleptic properties over time. Due to the short-
comings of traditional wine aging in oak barrels, such as the
high cost, the limited life of oak barrels, potential microbiolo-
gical contamination and losses during storage due to evapora-
tion, innovative physical aging technologies have been
developed, namely the addition of oak chips, application of
micro-oxygenation, aging on lees or the use of some physical
methods (García Martín & Sun, 2013; Tao, García, & Sun,
2014). Among all the physical aging technologies studied,
ultrasound is regarded as the most promising for accelerating
the wine aging process (García Martín & Sun, 2013). During
ultrasonic treatment, high temperatures and high pressures gen-
erated by the collapse of micro-bubbles can induce chemical
reactions within beverages (Suslick, 1998), thus accelerating
some reactions that usually occur during wine aging. Some
papers have illustrated the potential of ultrasound for accelerat-
ing the aging of several kinds of wine such as rice wine and rice
alcoholic beverage (Chang, 2005; Chang & Chen, 2002), but
not all. Thus, Chang and Chen (2002) reported that 20 kHz
ultrasonic wave treatment aged rice wine much more quickly
than the conventional process, but failed in aging maize wine.
With regard to grape wine, it is worth mentioning that
Masuzawa, Ohdaira, and Ide (2000) found that weak ultrasonic
irradiation can promote an increase in the amount of phenolic
compounds in red wine and they concluded that ultrasonic
irradiation did meaningfully enhance wine maturation.
Despite these evidences of ultrasound-assisted aging in some
kind of wines, the effects of ultrasound on red wine still remain
to be demonstrated. Although some reactions typical of aging
may be enhanced by means of ultrasound, some undesirable
reactions or effects could also occur. Therefore, prior to assess
the potential of ultrasound for assisting the aging of red wine, its
effects on physicochemical properties, which are generally used
to deﬁne wine quality, under different conditions should be
investigated. As the most important operational parameters, the
effects of ultrasound power, frequency, temperature and treat-
ment time on red wine should be assessed during ultrasonic
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treatment. In this study, a commercial available red wine was
subjected to sonication under different conditions of power,
frequency, exposure time and temperature. The effects on wine
physicochemical properties, including pH, titratable acidity (TA),
electrical conductivity (EC), chromatic characteristics (CC), total
phenolic compounds (TPC) and 1,1-diphenyl-2-picryl-hydrazyl
(DPPH)-free radical scavenging activity (DFRSA), were evalu-
ated. The main goal of this research was to assess whether
ultrasound can positively modify the selected wine physico-
chemical parameters and what are the most suitable operational
conditions for ultrasound treatment of red wine.
2. Materials and methods
2.1. Wine sample
A Cabernet Sauvignon red wine from the vintage 2012 was
kindly donated by Danfeng Winery Ltd. (Shaanxi Province,
China) and used throughout this research. The alcohol level of
the red wine was provided by the producer, and was 12.0% (v/v).
2.2. Chemicals and reagents
DPPH, Folin–Ciocalteu reagent and gallic acid were obtained
from Sigma-Aldrich Co. (St. Louis, MO, USA). Sodium carbo-
nate, potassium dihydrogen phosphate and sodium hydroxide
were purchased from Tianli Chemical Reagent Co. Ltd.
(Tianjin, China). All other chemicals and reagents used were of
analytical grade.
2.3. Ultrasonic treatment
Ultrasonic treatments were carried out in an ultrasonic bath
(KQ-300VDE, Kunshan Ultrasonic Equipment Co. Ltd.,
Jiangsu Province, China) which can work at the frequencies
of 45, 80 and 100 kHz with a variable power output. Ultrasonic
energy was delivered from the bottom to the water in the tank
by six annealed transducers, and their rated power output was
300 W. For each experimental run, 150 mL red wine were
loaded into a 250-mL glass Erlenmeyer ﬂask sealed with a
plastic ﬁlm, and then placed in the water bath and ﬁxed at the
same position during sonication. Water bath temperature was
kept constant during sonication by means of Xiangya DLSB-5/
20 circulation pump of closed-loop cryogenic refrigerator
(Shanghai, China).
Four sets of experiment were performed. Firstly, the effect
of different ultrasonic power levels (120, 150, 180, 210, 240,
270 and 300 W) was investigated, being the ultrasonic treat-
ments performed at 20°C for 20 min with 100 kHz ultrasound.
Subsequently, the effect of ultrasound frequency was assessed
and samples were sonicated with 45, 80 and 100 kHz ultra-
sound, respectively, at the maximum ultrasound power level
(300 W) for 20 min at 20°C. In parallel, another set of
experiments was carried out with 100 kHz ultrasound
(300 W power level) at different temperatures (20°C, 30°C,
40°C, 50°C and 60°C, respectively) for 20 min. Finally, in
order to investigate the effects of ultrasound exposure time on
wine, different treatment times were assayed including 20, 40,
60, 80 and 100 min. For this set of experiments, the selected
frequency, ultrasound power and temperature were 100 kHz,
300 W and 20°C, respectively. Experiments were performed in
duplicates.
2.4. Analytical determinations
2.4.1. Determination of total phenolic compounds
TPCs were determined using the method proposed by
Rapisarda et al. (1999) with some minor modiﬁcations.
Brieﬂy, 100 μL of sample, 7.0 mL of deionized water and
0.5 mL of Folin–Ciocalteu reagent were mixed and let stand
for 1 min. Afterwards 1.5 mL of 20% sodium carbonate solu-
tion were added to the above mixture, and then it was made up
to 10 mL by adding 0.9 mL of deionized water. The resulting
mixture was incubated for 60 min in the dark at room tempera-
ture and then the absorbance was measured at 765 nm using a
TU-1810 UV-Vis spectrophotometer (Beijing Persee General
Instrument Co. Ltd., China). The results were expressed as
gallic acid equivalents per liter of wine. All analyses were
performed in triplicates.
2.4.2. Determination of chromatic characteristics
CC of wines were determined following the standard method
OIV-MA-AS2-07B, by direct measurement of the absorbance
of wines at 420 nm (intensity of yellow), 520 nm (intensity of
red) and 620 nm (intensity of blue) with a 1-mm path-length
quartz cuvette. The intensity of color was calculated as the sum
of absorbances at 420, 520 and 620 nm. Tint was expressed as
the ratio of absorbance at 420 to absorbance at 520 nm.
Regarding CIELab parameters, lightness (L*), redness (a*)
and yellowness (b*) were determined by a SC-80C automatic
colorimeter (Beijing Kangguang instrument Co Ltd., China)
following the recommendations of OIV-MA-AS2-11: R2006.
The overall colorimetric differences between the ultrasonic
treated samples and the untreated wine (CK) (ΔE*) were calcu-
lated as follows:
ΔE ¼ ΔLð Þ2 þ Δað Þ2 þ Δbð Þ2
h i1=2
where ΔL*, Δa* and Δb* are the differences in the values of
each color coordinate between the ultrasonic treated sample and
the control wine (CK).
2.4.3. Determination of electrical conductivity, pH and
titratable acidity
The EC and pH of samples were measured by a DDSJ-308F
conductivity meter and a PHS-3C digital pH meter (Shanghai
Leici Co. Ltd., China), respectively. The TA, expressed in
equivalent of tartaric acid content (g/L), was measured by dilut-
ing a 10-mL aliquot of each sample with 90 mL of deionized
water, and subsequently titrating the sample with 0.1 N NaOH to
a pH endpoint of 8.1 (OIV-MA-AS313-01). All analyses were
carried out in triplicates.
2.4.4. Determination of DPPH-free radical scavenging
activity
The DFRSA of the samples was measured according to the
method described by Zhang, Fan, Zhao, Wang, and Liu (2013).
Inhibition of the DPPH radical by wine samples was expressed
as the percentage of DPPH decrease and was calculated accord-
ing to the following formula:
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DPPH radical scavenging activity ratio %ð Þ
¼ ½ðA0  A1Þ=A0  100
where A0 is the absorbance of the control, and A1 is the absor-
bance of the sample. DFRSA of each sample was determined in
triplicates.
2.5. Statistical analysis
Principal component analysis (PCA) attempts to identify under-
lying variables or factors that explain the pattern of correlations
within a set of observed variables. PCA was carried out with the
Unscrambler V 9.7 absolute version (CAMO, Trondheim,
Norway).
Statistical analysis was performed by one-way analysis of
variance (ANOVA) using the SPSS Statistics software version
11.0 (SPSS Inc., Chicago, IL, USA). Least signiﬁcant difference
test was applied to data in order to identify statistically sign-
iﬁcant differences. The different mean values that have the same
letter superscripted means that there is no signiﬁcant difference
between (among) them. The coefﬁcient correlation between TPC
and DFRSA was also conducted.
3. Results
3.1. Effects of ultrasound power on TPC, EC, pH, TA,
intensity and tint
Ultrasound did not change the pH and TA of wine (Table 1)
while the concentration of TPC in treated wines was lower than
that of CK, and EC slightly increased after sonication. Regarding
wine color, no pattern was found, although intensity and tint of
some treated samples were slightly lower than those of untreated
wine (CK).
Regarding PCA, biplot of PC1 versus PC2 (Figure 1) was
able to clearly differentiate the untreated wine (negative value on
PC1) from ultrasonically treated samples (positive values on
PC1, except for the sample treated at 240 W). PC1 accounted
for 91% of the variation, which was highly correlated to the
conductivity of wine. PC2 explained an additional 9% of the
variation, which was correlated to TPC and EC.
3.2. Effect of ultrasound frequency on TPC, EC, pH,
TA, intensity and tint
Physicochemical parameters of wines treated with different ultra-
sonic frequencies are shown in Table 2. ANOVA of pH, TA,
intensity and tint values showed no signiﬁcant differences.
Again, TPC decreased and EC increased after sonication.
PCA result is shown in Figure 2. From the ﬁrst graph, two
groups of samples (untreated and treated) were very well differ-
entiated in PC1 dimension. PC1 and PC2 explained 91% and 9%
of the total variance, respectively. PC1 was inﬂuenced by EC in
an extensively manner while PC2 was highly correlated to TPC.
3.3. Effect of temperature on TPC, EC, pH, TA,
intensity and tint
According to Table 3, no signiﬁcant changes were observed in
pH. Nevertheless, the concentrations of TA slightly decreased
with the increasing of temperature, and TA of sample treated
at the highest temperature (60°C) was different from the CK
and those treated at lower temperatures. In addition, the Ta
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increase of temperature led to a slight increase of EC in the
samples treated at 20°C and 30°C. From 30°C onwards, EC of
wine samples decreased when increasing treatment tempera-
ture. In general, the wine EC was increased after ultrasonic
treatment. TPC decreased with the increasing of temperature
during ultrasonication. The CC changed but again in an erratic
and minor way.
Regarding PCA, PC1 and PC2 accounted for 91% and 9% of
total variation, respectively. The untreated wine presented positive
score for PC1 while sonicated wines presented negative ones
(Figure 3). The best explained variances in PC1 and PC2 were
described by the attributes of TPC, and TPC and EC, respectively.
3.4. Effect of ultrasound exposure time on TPC, EC,
pH, TA, intensity and tint
Figure 4 demonstrated that all the ultrasonic-treated samples
were clearly distinguished and signiﬁcantly different from each
other. There was no major difference between the wines treated
for 20 and 40 min, and 80 and 100 min, respectively (Table 4).
PC1 accounted for 95% of the variation, and PC2 explained an
additional 5%. The best explained variance in PC1 was
described by the attribute of TPC. Furthermore, TPC also had
the highest loading in PC2. Therefore, TPCs were more affected
than the other physicochemical properties studied in describing
the samples in this PCA.
Figure 1. Scatterplot of scores (a) and loadings (b) for PCA1 and PC2 of samples treated at different ultrasonic power.
Figura 1. Diagrama de dispersión de los resultados (a) y cargas (b) para PCA1 y PC2 de las muestras tratadas con diferentes potencias ultrasónicas.
Table 2. Effect of ultrasonic frequencies on physicochemical properties of wine.
Tabla 2. Efecto de las frecuencias ultrasónicas en las propiedades físicoquímicas del vino.
Ultrasonic frequency (kHz) CK (control) 45 80 100
Total phenolics (mg/L) 1309.9 ± 3.3a 1283.4 ± 22.1b 1266.3 ± 6.5c 1244.1 ± 8.7d
Electrical conductivity (μS/cm) 1808.0 ± 7.5a 1860.3 ± 8.6b 1887.0 ± 4.6c 1881.0 ± 2.6c
pH 3.40 ± 0.00a 3.40 ± 0.01a 3.40 ± 0.01a 3.40 ± 0.01a
Titratable acidity (mg/L) 6.16 ± 0.02a 6.16 ± 0.02a 6.16 ± 0.02a 6.16 ± 0.02a
Intensity 1.133 ± 0.001a 1.108 ± 0.001b 1.114 ± 0.001abc 1.143 ± 0.001c
Tint 0.771 ± 0.001a 0.764 ± 0.001ab 0.763 ± 0.001abc 0.769 ± 0.001abc
Note: Means ± SD (n = 3); different letters in the same row indicate signiﬁcant differences (P ≤ 0.05).
Nota: Promedios ± SD (n = 3), las distintas letras en la misma ﬁla indican diferencias signiﬁcativas (P ≤ 0,05).
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3.5. Effects of ultrasound on the chromatic
characteristics of red wine
As shown in Table 5, signiﬁcant changes of L*, a* and b* were
observed in wines treated by ultrasound. Regarding the ultraso-
nic frequency, the wine treated with 80 kHz had the highest
values of L*, a* and b* and the largest ΔE* as well. As regards
the effect of ultrasonic power, results showed that the wine
sonicated with the conditions of 240 W, 100 kHz and 20°C
had the highest values of L*, a*, b* and ΔE*. In terms of
ultrasound exposure time and temperature, the ultrasound
conditions leading the highest value of L*, a*, b* and ΔE* are
exposure time of 80 min and temperature of 20°C.
3.6. Effect of ultrasound on DPPH-free radical
scavenging activity of red wine
The effect of ultrasound irradiation on the DFRSA of red wine is
shown in Table 6. Ultrasonic frequency did affect the scavenging
activity of DPPH, and it decreased when increasing the ultra-
sonic frequency from 45 to 80 kHz, followed by an increase at
Figure 2. PCA scores (a) and loadings (b) for PC1 and PC2 of physicochemical properties of a red wine sonicated with different frequencies.
Figura 2. Resultados PCA (a) y cargas (b) para PC1 y PC2 de las propiedades ﬁsicoquímicas de vino tinto tratadas con ultrasonidos con diferentes
frecuencias.
Table 3. Effect of temperature during sonication on physicochemical properties of wine.
Tabla 3. Efecto de la temperatura durante el tratamiento con ultrasonidos en las propiedades ﬁsicoquímicas del vino.
Temperature (ºC) CK (control) 20 30 40 50 60
Total phenolics (mg/L) 1309.9 ± 3.3a 1244.1 ± 8.7b 1228.4 ± 0.4bc 1228.7 ± 1.3bcd 1228.4 ± 0.4bcde 1222.3 ± 0.8bcde
Electric conductivity (μS/cm) 1808.0 ± 7.5a 1881.0 ± 2.6b 1889.7 ± 7.6b 1865.0 ± 1.0c 1866.7 ± 6.6c 1848.7 ± 4.5d
pH value 3.40 ± 0.00a 3.40 ± 0.01a 3.40 ± 0.01a 3.42 ± 0.01a 3.43 ± 0.01a 3.43 ± 0.01a
Titrable acidity (mg/L) 6.16 ± 0.02a 6.16 ± 0.02a 6.10 ± 0.01b 6.10 ± 0.01b 6.10 ± 0.01b 6.08 ± 0.01c
Intensity 1.133 ± 0.001a 1.149 ± 0.001b 1.123 ± 0.001c 1.092 ± 0.001d 1.136 ± 0.001b 1.102 ± 0.001e
Tint 0.771 ± 0.001a 0.772 ± 0.001a 0.764 ± 0.001b 0.759 ± 0.001b 0.761 ± 0.001b 0.760 ± 0.001a
Note: Means ± SD (n = 3); different letters in the same row indicate signiﬁcant differences (P ≤ 0.05).
Nota: Promedios ± SD (n = 3), las distintas letras en la misma ﬁla indican diferencias signiﬁcativas (P ≤ 0,05).
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100 kHz. The lowest value was 93.02% using 80-kHz
ultrasound.
Ultrasound powers of 120, 150, 180, 240, 270 and 300 W
were used to study their effects on the DFRSA of wine, while
the other working conditions were of 100 kHz, 20 min and 20°
C. Statistical results showed that ultrasonic power ranging from
240 to 300 W did not inﬂuence the DFRSA. Additionally, it
was worth mentioning that ultrasound power of 240 W pro-
voked the maximum scavenging activity among all the powers
employed. The correlation between TPC and DPPH scavenging
activity was performed, and the coefﬁcient correlation was
0.539. Regarding the ultrasound exposure time and tempera-
ture, similar patterns were observed about the effects of ultra-
sound on the DPPH scavenging activity of wine, and
ultrasound irradiation did inﬂuence the DPPH scavenging
activity of wine.
4. Discussion
First at all, it is worth mentioning that PCA result showed that
the untreated wine was very well differentiated from ultrasoni-
cally treated wines in PC1 dimension under all the assayed
conditions (Figures 1–4). The effects of ultrasound in the ana-
lyzed physicochemical parameters are discussed in the
following.
4.1. Effect of ultrasound on pH and TA of red wine
As mentioned earlier, the different assayed combinations of
ultrasound power, frequency and exposure time did not exert
any appreciable effects on pH and TA of wine. Regarding TA,
similar results were also observed in maize wine (Chang,
2004) and in rice alcoholic beverage (Chang, 2005) treated
with 20 and 1.6-MHz ultrasound, respectively. These results
are also in agreement with the observations by Adekunte,
Tiwari, Cullen, Scannell, and O’Donnell (2010), Tiwari,
Muthukumarappan, O’Donnell, and Cullen (2008) and Aadil,
Zeng, Han, and Sun (2013). By contrast, we found that
temperature had the ability to inﬂuence the concentrations of
TA (Table 3). It was probably due to the volatilization rate
constants of volatile acidity, which increased with temperature
thus changing TA. Consequently, the increasing volatilization
of acidity led to the decreasing of TA and the increasing
of pH.
4.2. Effect of ultrasound on EC of red wine
Generally, the EC of liquid food is considered to be correlated to
nutrients like vitamins, minerals, fatty acids and proteins
(Martín, Zhang, Castro, Barbosa-Cánovas, & Swanson, 1994).
Signiﬁcant increases were observed in EC of wine after ultra-
sonic treatment, which might be attributed to the chemical effects
Figure 3. Scores plot (a) and loadings plot (b) for PC1 and PC2 of samples sonicated at different temperatures.
Figura 3. Gráﬁco de resultados (a) y gráﬁco de cargas (b) para PC1 y PC2 de las muestras tratadas con ultrasonidos a diferentes temperaturas.
60 Q.-A. Zhang et al.
D
ow
nl
oa
de
d 
by
 [R
ed
 de
 B
ibl
iot
ec
as
 de
l C
SI
C]
 at
 04
:45
 21
 Ja
nu
ary
 20
16
 
of ultrasound, i.e. the acoustic cavitation in aqueous solution.
The instant local high temperatures (>5000°C) and pressures
(>1000 atmospheres) (Kanthale, Gogate, Pandit, & Marie
Wilhelm, 2003; Suslick, Hammerton, & Cline, 1986) of collap-
sing gas bubbles lead to the dissociation of water vapor into
hydroxyl radical and hydrogen radicals (Riesz & Kondo, 1992),
which has the potential to make red wine more conductive.
Consequently, the increase in EC was probably due to the
chain of chemical reactions initiated by radicals and anions
from ultrasonic radiation (Castellanos, Reyman, Sieiro, &
Calle, 2001).
4.3. Effect of ultrasound on TPC of red wine
Phenolic compounds are beneﬁcial and important to health as
they play a signiﬁcant role in reducing the risk of many dis-
eases originating from the oxidative stress in the human body
(Arts & Hollman, 2005; Duthie et al., 2006; Pace-Asciak,
Hahn, Diamandis, Soleas, & Goldberg, 1995; Vinson &
Hontz, 1995). As shown in Table 1, the changes of TPC were
a bit erratic, which is in accordance with the results reported by
Singleton and Draper (1963). One explanation for these erratic
changes could be that the natural aging is totally different from
the ultrasound-assisted aging in practice. Generally, the former
Figure 4. Biplot (a and b) of PC1 vs. PC2 of wine samples subjected to sonication at different ultrasound exposure times.
Figura 4. Diagrama de dispersión biespacial (a y b) de PC1 frente a PC2 de las muestras de vino sujetas al tratamiento con ultrasonidos a diferentes
tiempos de exposición ultrasónica.
Table 4. Effect of ultrasound exposure time on physicochemical properties of wine.
Tabla 4. Efecto del tiempo de exposición ultrasónica en las propiedades ﬁsicoquímicas del vino.
Ultrasonic time (min) CK (control) 20 40 60 80 100
Total phenolics (mg/L) 1309.9 ± 3.3a 1244.1 ± 8.7b 1220.2 ± 1.2c 1220.2 ± 5.7c 1219.4 ± 0.7c 1219.1 ± 0.4c
Electric conductivity (μS/cm) 1808.0 ± 7.5a 1869.6 ± 5.8b 1872.3 ± 7.5b 1889.3 ± 7.5b 1905.3 ± 2.3c 1907.6 ± 8.3c
pH value 3.40 ± 0.01a 3.40 ± 0.01a 3.40 ± 0.01a 3.40 ± 0.01a 3.40 ± 0.01a 3.40 ± 0.01a
Titratable acidity (mg/L) 6.16 ± 0.02a 6.16 ± 0.02a 6.16 ± 0.02a 6.16 ± 0.02a 6.16 ± 0.02a 6.16 ± 0.02a
Intensity 1.133 ± 0.001a 1.158 ± 0.001b 1.069 ± 0.001c 1.052 ± 0.001d 1.034 ± 0.001e 1.069 ± 0.001b
Tint 0.771 ± 0.001a 0.768 ± 0.001ab 0.757 ± 0.001abc 0.755 ± 0.001abcd 0.747 ± 0.001e 0.758 ± 0.001abcd
Note: Means ± SD (n = 3); different letters in the same row indicate signiﬁcant differences (P ≤ 0.05).
Nota: Promedios ± SD (n = 3), las distintas letras en la misma ﬁla indican diferencias signiﬁcativas (P ≤ 0,05).
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is a natural and gradual oxidizing process involving oxygen
reacting with the most readily oxidizable wine constituents,
resulting in physicochemical changes involving antioxidants,
astringency, bitterness, browning reactions, color, protein con-
stituents, etc. For the latter, without oxygen participation, the
local instantaneous high temperatures and high pressures made
the changes occurring in wines more complicated during ultra-
sonication. It is known that ultrasound can induce the formation
of OH radicals in water (Fang, Mark, & Von Sonntag, 1996;
Henglein, 1987; Riesz & Kondo, 1992), which would make
changes even more complicated. Considering the heterogeneity
of natural phenols, the possibility of interference from other
readily oxidized or ultrasonically degraded substances, and the
relative lower selectivity (because of the reactivity of non-
phenolic constituents with the phosphomolybdate-tungstate
reagent) for TPC determination by Folin–Ciocalteau method
(Rapisarda et al., 1999), maybe the erratic of total phenolics
can be accepted during ultrasonic treatment. Previous
researches by Aadil et al. (2013), Bhat, Kamaruddin, Min-
Tze, and Karim (2011) and Masuzawa et al. (2000) reported
an increase of TPC after sonication, but we found the opposite.
Zhang et al. (2015) reported that ultrasound could lead to
degradation of phenols in ethanolic solvent. Red wine is actu-
ally an ethanolic solution, a high volatile solvent. During soni-
cation, when ethanol is present, its volatility affects its
concentration in the cavitation bubble generated by sonication,
which means that the concentration in the bubble is lower. With
the ultrasonic treatment, more free radicals will be produced by
the bubble collapsed in high volatility solvent with low heat of
vaporization and thus leading to phenolic compounds degrada-
tion (Zhang et al., 2015).
4.4. Effect of ultrasound on chromatic characteristics
of red wine
CC of wine like tint and intensity are a visual indicator to judge
the quality of red wine and affect consumer’s satisfaction, which
are also related to the aging process since color intensity of red
wine decreases during aging while tint increases (García Martín
& Sun, 2013). The phenolic composition of red wine affects its
color, so the aforementioned changes of phenolic compound
could explain the tiny changes of CC. Similar chromatic changes
were previously reported in sonicated grape juice (Aadil et al.,
2013) and guava juice (Cheng, Soh, Liew, & Teh, 2007).
Regarding CIELab parameters, L*, a quantitative component of
the color, clearly increases with the aging of red wines (García
Martín & Sun, 2013; Heras-Roger, Pomposo-Medina, Díaz-
Romero, & Darias-Martín, 2014). Generally, the coordinate b*
also increases while there is a slight decrease in the coordinate
a* during natural aging (García Martín & Sun, 2013).
Ultrasound increased the three coordinates except for the experi-
ments carried out at temperatures above 20°C. The increase of
a*, instead of being just the opposite that occurs during wine
aging, could be regarded as a promising result. Red wine
Table 5. Effect of ultrasonic treatment on the chromatic characteristics
of wine.
Tabla 5. Efecto del tratamiento ultrasónico en las características cromáticas
del vino.
L* a* b* ΔE*
Ultrasonic frequency
CK 30.36 ± 0.16a 51.06 ± 0.15a 25.87 ± 0.38a 0.0
45 kHz 31.33 ± 0.08b 53.19 ± 0.10b 26.36 ± 0.08b 2.4
80 kHz 31.70 ± 0.29c 52.84 ± 0.09c 27.50 ± 0.47c 2.8
100 kHz 31.55 ± 0.04b 52.54 ± 0.09c 26.86 ± 0.09b 2.1
Ultrasound power
CK 30.36 ± 0.16a 51.06 ± 0.15a 25.87 ± 0.38a 0.0
120 W 31.74 ± 0.04b 52.61 ± 0.09b 26.91 ± 0.19b 2.3
150 W 31.60 ± 0.03c 52.50 ± 0.02c 26.98 ± 0.09b 2.2
180 W 31.50 ± 0.02c 52.45 ± 0.13c 26.42 ± 0.03c 1.9
210 W 31.70 ± 0.07b 52.60 ± 0.09b 26.71 ± 0.02c 2.2
240 W 31.99 ± 0.02d 53.00 ± 0.05d 27.03 ± 0.15b 2.8
270 W 31.67 ± 0.09bc 52.70 ± 0.12bd 26.91 ± 0.19bc 2.3
300 W 31.55 ± 0.04c 52.54 ± 0.09c 26.86 ± 0.09b 2.1
Ultrasound exposure time
CK 30.36 ± 0.16a 51.06 ± 0.15a 25.87 ± 0.38a 0.0
20 min 31.55 ± 0.04b 52.54 ± 0.09b 26.86 ± 0.09b 2.1
40 min 30.63 ± 0.10b 52.59 ± 0.16b 26.63 ± 0.11b 1.7
60 min 29.89 ± 0.12b 52.00 ± 0.32b 26.33 ± 0.16b 1.1
80 min 31.33 ± 0.04c 52.85 ± 0.09c 27.67 ± 0.23bc 2.7
100 min 30.65 ± 0.13bc 52.04 ± 0.08b 26.96 ± 0.07c 1.5
Temperature
CK 30.36 ± 0.16a 51.06 ± 0.15a 25.87 ± 0.38a 0.0
20°C 31.55 ± 0.04b 52.54 ± 0.09b 26.86 ± 0.09b 2.1
30°C 30.62 ± 0.03a 52.04 ± 0.05b 25.64 ± 0.04c 1.0
40°C 30.67 ± 0.13a 52.16 ± 0.16b 25.63 ± 0.34c 1.2
50°C 30.55 ± 0.20a 52.25 ± 0.26b 25.83 ± 0.29c 1.2
60°C 30.69 ± 0.07a 52.44 ± 0.10bc 26.48 ± 0.11b 1.5
Notes: Means ± SD (n = 3); different letters in the same column indicate signiﬁcant
differences (P ≤ 0.05).
ΔE* was calculated from the mean values of L*, a* and b*.
Nota: Promedios ± SD (n = 3), las distintas letras indican diferencias signiﬁcativas
(P ≤ 0,05).
ΔE*se calculó a partir de los valores promedio de L*, a* y b*.
Table 6. Effect of ultrasound irradiation on the DPPH free radical scavenging activity of wine.
Tabla 6. Efecto de la irradiación ultrasónica en el DPPH de actividad de eliminación de radicales libres del vino.
Ultrasonic
power (W) DFRSA (%) Temperature (ºC) DFRSA (%) Exposure time (min) DFRSA (%) Ultrasonic frequency (kHz) DFRSA (%)
CK 93.40 ± 1.03a CK 93.40 ± 1.03a CK 93.40 ± 1.03a CK 93.40 ± 1.03a
120 93.60 ± 1.00a 20 93.50 ± 1.10a 20 93.50 ± 1.10a 45 93.19 ± 0.76b
150 93.27 ± 0.00b 30 93.33 ± 0.67b 40 93.43 ± 0.67b 80 93.02 ± 0.68c
180 93.28 ± 1.00c 40 93.35 ± 0.95b 60 93.52 ± 0.99c 100 93.50 ± 1.10a
210 93.09 ± 1.05d 50 93.39 ± 0.12b 80 93.44 ± 0.03b
240 93.67 ± 1.07a 60 93.44 ± 0.38c 100 93.63 ± 0.03d
270 93.54 ± 1.24a
300 93.50 ± 1.10a
Note: Means ± SD (n = 3); different letters in the same column indicate signiﬁcant differences (P ≤ 0.05).
Nota: Promedios ± SD (n = 3), las diferentes letras en la misma columna indican diferencias signiﬁcativas (P ≤ 0,05).
62 Q.-A. Zhang et al.
D
ow
nl
oa
de
d 
by
 [R
ed
 de
 B
ibl
iot
ec
as
 de
l C
SI
C]
 at
 04
:45
 21
 Ja
nu
ary
 20
16
 
producers are currently looking for technologies that enhance the
redness of wine, avoiding the browning and loss of color inten-
sity that occur during aging. Finally, the overall colorimetric
differences with respect the control wine were calculated in
order to assess whether the changes in color promoted by ultra-
sound were noticeable. The theoretical limit of perception for the
human eye (ΔE* = 3) has been suggested as an absolute color
discrimination threshold for red wines (García Martín & Sun,
2013). Although no pattern was found, ΔE* values were close to
this threshold after sonication. In general, all the wines treated at
20°C with different ultrasound powers, frequencies and exposure
time had noticeable ΔE values (Table 5). By contrast, red wines
treated at temperatures above 20°C led to lower colorimetric
differences (between 1.0 and 1.5).
4.5. Effect of ultrasound on DPPH-free radical
scavenging activity of red wine
In red wine and fruit juice, phenolic compounds are the major
components responsible for DFRSA. Researchers (Fernández-
Pachón, Villaño, Garcı́a-Parrilla, & Troncoso, 2004; Lucena
et al., 2010; Sánchez-Moreno, Larrauri, & Saura-Calixto, 1999)
have pointed out that the TPC concentration is closely related to
antioxidant activity, and our results are in accordance with their
ﬁndings, hence conﬁrming the role of phenolic compounds in the
antioxidant activity of wine. Signiﬁcant changes in the DPPH
scavenging activity were related to changes in the concentration
of TPC induced by ultrasound.
5. Conclusions
Ultrasonic treatment performed at different ultrasound powers,
frequencies, exposure times and temperatures signiﬁcantly chan-
ged the concentration of TPC and EC of the red wine, while no
signiﬁcant effect on pH and TA was detected. Small differences
in CC were also observed, and the overall colorimetric difference
in relation to the untreated wine reached 2.8 units. PCA of the
physicochemical properties of wines conﬁrmed that ultrasound
modiﬁed the characteristics of red wine and resulted in an
effective clustering of wines into two groups: the ultrasonic
treated wines and the untreated wine. PCA also suggested that
ultrasonic frequency and exposure time have the greatest inﬂuence
on EC and TPC, respectively. The current study proved that
ultrasound can change some physicochemical properties of red
wine. Based on the results obtained in this article, the conditions
suggested for the application of ultrasound in red wine processing
are 240 W power ultrasound, 80 kHz frequency, temperature equal
to 20°C and 80 min exposure time. Nevertheless, further research
is needed on a wider range of wine quality parameters to assess
whether ultrasound positively modiﬁes red wine quality.
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